The UK's exit from the European Union (EU) has potential ramifications for the country's electricity sector, given its increasing interlinkage with other EU electricity systems. Brexit could hamper the development toward higher market integration and the realization of new interconnector projects. Moreover, a fall in the value of the Pound, resulting from Brexit in the medium term, could also affect the electricity trading structure. Combining a European electricity market model and a multi-criteria decision analysis tool, this study assesses the implications of Brexit for the electricity market of Great Britain (hereafter GB) for 2030, from the perspective of (i) political decision makers, (ii) electricity consumers, and (iii) producers. Results indicate that the implications of Brexit depend on the future development of the GB electricity system and on the objectives of the respective stakeholders. Possible opportunities brought by Brexit under a low-carbon trajectory contrast with greater challenges and tradeoffs between stakeholders under alternative power system development paths. Despite increased British autonomy in energy and climate matters, there remains interdependency between British and EU energy policy.
Introduction
Britain's vote in June 2016 to leave the European Union (EU) represents a dramatic shift in the country's relationship with the rest of the EU, following over 40 years in the Union. There have been efforts to evaluate the impact of Brexit across various sectors of the British economy and society [1] [2] [3] [4] [5] . However, the potential results of a reduction in integration with the EU for these sectors, following Brexit, remain unclear.
One sector that could be influenced by Brexit is the Great Britain (GB) (In this paper, we only consider the power system of England, Scotland, and Wales, and not Northern Ireland. Northern Ireland and the Republic of Ireland share one electricity grid and engage in a single electricity market. Analyzing the impact of reduced expansion of interconnector capacity between the EU and GB on the joint Irish electricity system is beyond the scope of this paper) electricity sector, as it is a system that has experienced increasing integration with other electricity systems in the EU. Indeed, there has been attention in the literature on the implications of reduced integration for UK energy policy and security [6, 7] : This integration has come e.g., in the form of interconnectors linking GB's electricity grid with those of neighboring EU countries, enabling the trading of electricity. The European Commission has set a target for net transfer capacities to equal 10% of all installed capacity by 2020 and 15% by 2030 [8] , which means that the trade of electricity through interconnectors will form an important component in the ongoing transformation of the British and other EU member states' power systems
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Interconnectors: Role in Single Electricity Markets
Increasingly, the European Union has been promoting a common energy policy, based on the three core priorities of energy security, affordability, and environmental protection [27] . The IEM underlies this common energy policy with the aim that electricity can be traded among EU member states without restrictions, creating a more competitive electricity market, benefiting from greater security of supply [28] [29] [30] [31] , which is made possible through physical interconnections between electricity grids [32] .
With regard to the multifarious challenges of security of electricity supply, the role of interconnectors has been discussed frequently [9, 33] . Historically, cross-border interconnectors were intended to reinforce the security of supply, as other countries could help, via electricity exports, if a member state's electricity system faced disruption [34] . However, increasingly, there has been a focus on how interconnection can increase trade among member states and, in doing so, improve the efficiency of markets and, ultimately, social welfare [35] . A crucial argument in favor of interconnectors is that they further the integration of intermittent power resources [35] [36] [37] , as they can help to reduce the impact of renewable penetration on price volatility [38, 39] .
Connecting two electricity markets generally results in greater price convergence between the two markets and lower price volatility [39] . This, in effect, creates both "winners and losers", as the fall in electricity prices in one region, thanks to the interconnectors, penalizes electricity producers, whereas the rise in electricity prices in the other region adversely affects electricity consumers in that region [34, 40] . Furthermore, interconnectors bring about technical benefits to the power system [41] , especially in situations of high renewable power penetration [42, 43] . For instance, Lynch, et al. [44] argue that interconnection reduces total system costs in cases where there is high wind penetration, as the total capacities of both conventional and renewable generation technologies can be reduced.
There has already been an ongoing discussion of the impact of interconnection on electricity markets and CO 2 emissions [45] [46] [47] . Mezősi, Pató, and Szabó [38] argued that the effect of interconnectors on CO 2 emissions is dependent on the carbon price and the ratio between coal prices and gas prices. Indeed, they found that complying with the 10% interconnection target by 2020 would lead to an increase in CO 2 emissions, if the low CO 2 price environment prevailed. Considering the UK's decision to introduce a CO 2 price floor (CPF), the question arises as to how a unilateral minimum price for carbon emissions interacts with electricity trade and the European Emission Trading Scheme (ETS). The CPF constitutes a minimum price for CO 2 emissions, with a fixed development corridor over the next years. It consists of two parts (see Hirst [48] ): (i) the ETS certificate price and (ii) the Carbon Energies 2019, 12, 3212 4 of 27 Support Price. The Carbon Support Price tops up the ETS price in accordance with the CPF corridor set by the British Government. In 2030, the CPF was originally set to be £70 [48] .
Investments in interconnectors are long-term in nature (between 25-40 years), increasing the significance of uncertainty for the planning process of new projects [49] . Moreover, in general, there are insufficient incentives to invest in interconnectors, compounded by resistance from domestic firms to more competition in the domestic market [34, 47] . Furthermore, investment in interconnectors is complicated by long planning and construction times, onerous permit procedures, and the possibility that interconnector capacities will be under-used and, therefore, become stranded [34] . Barriers to investment in interconnectors are exacerbated by the presence of a "regulatory gap" in which there is no regulator responsible for cross-border infrastructures [40] . The uncertainty arising from Brexit could increase the reluctance to invest in further interconnector projects. Therefore, this work offers a detailed analysis of possible implications of a reduced interconnection development for the GB power system.
Brexit: Implications for the GB Electricity System
It remains unclear what the UK's trading relationship with the EU will look like after Brexit. At the time of the Withdrawal Agreement, the will was expressed to develop a "framework" that would enable "technical cooperation between electricity and gas network operators" and ensure the security of supply and efficient trade over interconnectors; however, the British Parliament subsequently rejected the agreement [50] . If the Withdrawal Agreement is revived, it is not clear to what extent such a framework would emulate the conditions the UK enjoyed as a member of the IEM. Energy UK [51] emphasizes the importance of minimizing uncertainty, given the "long investment timelines" concerning energy assets, such as interconnectors.
Brexit has led to a decline in the value of the Pound, and this should be factored into any (medium-term) economic analysis of Brexit. In the weeks following the referendum, the Pound's value fell substantially, losing almost 15% and, in the months to October 2016, the nominal effective exchange rate of the Pound, measured against a selection of foreign currencies, depreciated by nearly 20% [52] . Since 48% of the UK's exports go to the European Single Market [53] , the impact of restrictions and greater costs in trading with the EU would be considerable. There are indications that the Pound's loss in value could be sustained, as both trade between the UK and the EU in addition to foreign direct investment (FDI) are likely to be adversely affected by Brexit [54] [55] [56] . By 2030, Ebell and Warren [55] estimated that if the UK follows a Swiss arrangement with the EU, trade between the UK and the EU will be between 13-17% lower than it would have been, had the UK remained in the EU and, if the UK has a World Trade Organization (WTO) arrangement, then trade is estimated to be between 20-30% lower. These conditions would, in the long-term, depress the value of the Pound. A lower value of the Pound is likely to make imports of electricity more expensive, and conversely increase the competitiveness of GB electricity exports to the EU.
Both climate and energy policies have substantial links with EU policy, and could be affected by lower integration with the EU. In terms of climate policy, the UK's current CPF is contingent on the EU ETS-it tops up, essentially, the emission certificate price, and if the UK were to be out of the EU ETS, it would need to replace this with a UK ETS or a carbon tax [4] . Taking a more optimistic view of Brexit, Pollitt [5] suggested that the impacts on the GB energy sector will be rather contained, and that leaving the EU could bring opportunities for the sector. He refers to the fact that fossil fuel prices are set internationally, whilst the UK has diversified its suppliers of fossil fuels in addition to the interconnection capacities being currently low, as indicative of the limited negative impacts of Brexit. Outside of the EU, the UK would have greater freedom to pursue alternative options in market design that are inconsistent with EU policy, such as reconsidering the unbundling of generation from supply and the financing of nuclear generation over long-term contracts between generators and suppliers [5] .
As regards the risks of Brexit, energy security is a concern. This is because there may be less cooperation in terms of exchanging electricity through the interconnectors. Furthermore, "increased coordination costs" between the UK and EU countries could lead to delays in interconnector investments and reduced NTC growth [5] . This would force GB to resort to more expensive domestic back-up capacity in order to meet security of supply needs. A reduced expansion of interconnectivity could weaken the taming effect that interconnection has on very high peak power prices and lead to potential revenue opportunities for operators of large-scale storage facilities; conditions for such facilities in Great Britain have been less attractive than expected in recent years [57] . Indeed, Pye, Mathieu, and Deane [58] warned that the uncertainty associated with Brexit may lead to nervousness on the part of investors as regards investing in interconnectors, with French regulators already re-examining the rationale behind a new French-British interconnector project.
In summary, a greater integration of EU electricity systems is considered advantageous for energy security, the competitiveness of power markets, and should lead, ultimately, to lower system costs. Trajectories of the UK's power system toward 2030 have taken into account greater levels of cross-border interconnection (see e.g., [11, 59] ), and since Brexit raises questions about future interconnection projects, the possible impacts of lower interconnection must be examined in the course of the evaluation of Brexit's impacts.
Research Approach
Model Specifications
The EMME is a dispatch model of the EU electricity market. This model, featuring 28 individual member states of the EU and Switzerland, is a linear optimization model. Power flows among member states are restricted by NTCs between the respective markets. The model features a full list of types of generation technologies, their respective capacities and vintage structures, as well as differentiated variable costs in each country. The generation capacities, energy carrier prices, CO 2 certificate prices and the power demand are exogenous model inputs and demand is given in hourly intervals. The availability of variable and non-dispatchable RES is determined by time series.
The model takes the following objective function as its basis: 
with: Producers' surpluses are calculated as the spread between the wholesale price and variable electricity generation costs:
Changes in consumers' surpluses are expressed as the absolute change in average wholesale prices multiplied by electricity consumption. Prices in the Yellow scenario are used as a reference value when calculating the magnitude of differences in wholesale prices. 
and:
ANF n,p = (1 + p) n ·p (1 + p) n − 1
with: With respect to the electricity production of each power plant type, the respective environmental implications are calculated by:
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• Env x : environmental impact x • LCA x,i : specific environmental impact factor x for power plant type i
The calculation of environmental impacts is based on LCA (Life Cycle Analysis) data for power plant types in the UK provided by "probas", which is a database for environmental management systems made available by the German Federal Ministry for the Environment, Nature Conservation, and Nuclear Safety.
Scenarios
The modeling approach in the paper studies three different scenarios for the power system in 2030, namely: Yellow, Blue, and Green. The scenarios are based on the capacity, CO 2 price, and fuel cost assumptions contained within European Transmission System Operators' Ten-Year Network Development Plan (TYNDP) data [11] (the data refer to 'Vision 1' and 'Vision 3', respectively). Adjustments were made to integrate the UK's goal for a complete coal phase out by 2022. The Climate Change Act (2008) and the introduction of the Carbon Price Floor are examples of the UK unilaterally adopting strong climate policies and indicate a "Green" trajectory. However, the UK would no longer participate in the EU ETS, with which the Carbon Price Floor is linked, and would no longer be subject to the EU Renewables Directive. Thus, the UK would have to replace these instruments [4] . This gives rise to the opportunity to deviate from the Green trajectory, and possible deviations are characterized by the Yellow and Blue scenarios.
The Yellow scenario is characterized by a lower carbon price of €30 per ton of CO 2 , and a moderate expansion of renewable power. As discussed before, Britain introduced a minimum price for emissions certificates in the form of a CPF. In general, the Yellow and Blue scenarios show the same characteristics with the exception of greenhouse gas (GHG) certificate prices in the UK. Yellow assumes a weaker enforcement of British environmental policy, which results in a CPF lower than (or equal to) the overall EU market price (i.e., the EU ETS price will apply for British generators). Blue represents a stronger commitment toward national climate mitigation policies, and thus shows a CPF well above the EU market price for CO 2 emissions.
In the Green scenario, amid the higher price for emission certificates, there is a stronger deployment of low-carbon electricity generation units. Figure 1 shows the exogenous input parameters of overall installed capacity in GW (left axis) and electricity demand in TWh (right axis) of the Yellow, Blue, and Green scenarios in 2030 compared with 2015 for the UK (based on [49] , and [11] ). 
The modeling approach in the paper studies three different scenarios for the power system in 2030, namely: Yellow, Blue, and Green. The scenarios are based on the capacity, CO2 price, and fuel cost assumptions contained within European Transmission System Operators' Ten-Year Network Development Plan (TYNDP) data [11] (the data refer to 'Vision 1' and 'Vision 3', respectively). Adjustments were made to integrate the UK's goal for a complete coal phase out by 2022. The Climate Change Act (2008) and the introduction of the Carbon Price Floor are examples of the UK unilaterally adopting strong climate policies and indicate a "Green" trajectory. However, the UK would no longer participate in the EU ETS, with which the Carbon Price Floor is linked, and would no longer be subject to the EU Renewables Directive. Thus, the UK would have to replace these instruments [4] . This gives rise to the opportunity to deviate from the Green trajectory, and possible deviations are characterized by the Yellow and Blue scenarios.
The Yellow scenario is characterized by a lower carbon price of €30 per ton of CO2, and a moderate expansion of renewable power. As discussed before, Britain introduced a minimum price for emissions certificates in the form of a CPF. In general, the Yellow and Blue scenarios show the same characteristics with the exception of greenhouse gas (GHG) certificate prices in the UK. Yellow assumes a weaker enforcement of British environmental policy, which results in a CPF lower than (or equal to) the overall EU market price (i.e., the EU ETS price will apply for British generators). Blue represents a stronger commitment toward national climate mitigation policies, and thus shows a CPF well above the EU market price for CO2 emissions.
In the Green scenario, amid the higher price for emission certificates, there is a stronger deployment of low-carbon electricity generation units. Figure 1 shows the exogenous input parameters of overall installed capacity in GW (left axis) and electricity demand in TWh (right axis) of the Yellow, Blue, and Green scenarios in 2030 compared with 2015 for the UK (based on [49] , and [11] ). As discussed in Section 1, this paper includes a differentiated analysis of a decreased and [11] . Data relating to wind and PV profiles and capacity factors of different generation technologies were taken from internal data in the IEK-STE (Institute of Energy and Climate Research-Systems Analysis and Technology Evaluation). Information about the net transfer capacity of Great Britain was found in OFGEM (Office of Gas and Electricity Markets) data and ENTSO-E (European Network of Transmission System Operators of Electricity) sources.
As discussed in Section 1, this paper includes a differentiated analysis of a decreased development of the NTCs for the UK. While the already existing NTCs of 4 GW will be held constant, the 7 GW of NTCs planned for the future will be reduced by 50% or 35%, respectively (the capacity evaluation underlying the Green scenario did not allow for a reduction of NTC expansion by 50%. Section 4 will provide further details). Furthermore, the risk of a devaluation of the British Pound resulting from Brexit will be analyzed by introducing a devaluation of the Pound by 10%. This results in four different variations for each scenario, as depicted in Table 1 . Table 1 . Scenario variations. Source: Own compilation.
Scenario Variations NTC Expansion
As Planned Reduced Increase
Devaluation of Currency
Blue_50_10 Green_100_10 Green_65_10 Table 2 shows the key parameters for the scenarios applied. 
System Performance and Evaluation of Modeling Results
MCDA approaches are commonly used for evaluating energy policies, scenarios, and technologies [61] [62] [63] . For the evaluation of the presented scenarios, TOPSIS will be applied, which is a variant of MCDA that has been used frequently in energy planning and analysis (see e.g., [64] [65] [66] ) (in order to provide insights on the robustness of the MCDA results with regard to the chosen MCDA tool, Appendix C offers a system performance analysis using the Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE) method). MCDA offers a systematic approach to complex decision problems involving multiple perspectives, uncertainty, and competing goals [67] . Firstly, in the system performance assessment, each scenario is evaluated against a set of indicators, and the scores on each indicator are normalized to enable comparability. Secondly, an evaluation matrix (Table 3) is constructed, given the importance attached by each actor to each indicator. The weightings were derived from the judgment of the researchers informed by an understanding of the main issues for stakeholders in the energy sector. The actor-specific utility function results from the sum of actor-specific weightings for the indicators, which are given in Table 3 , and the calculation of which is detailed in Equations (10)- (12) , multiplied by the scores for each scenario on each indicator. As shown in greater detail in Appendix A, based on this utility function, it is possible to calculate, from the perspective of the particular actor, how far a scenario is from a positive ideal scenario and a negative ideal scenario. The highest scoring scenario (given by Equation (A5) in Appendix A) gives the highest utility for the particular actor, under the assumption that utility rises or falls at a constant level, according to changes in performance of a scenario on a given indicator [68] . The system performance assessment will rely on the following indicators:
(1) Net imports (2) Consumers' surplus (3) Average wholesale price (4) LCOE (5) Average price spread (6) CO 2 emissions (7) Environmental impacts (8) Share of domestic production (9) Producers' surplus TOPSIS evaluates the distance of a given alternative to a hypothetical positive-ideal and negative-ideal alternative [69] (see Appendix A for detailed information on the approach used to evaluate the scenarios). The TOPSIS tool has a wide range of applications [70] . TOPSIS is used in the main article, as it is a well-known technique [70] that is simple and considered more familiar to practitioners than the PROMETHEE method [71] . However, the PROMETHEE method is used in Appendix C to validate the results of the TOPSIS analysis. In the field of energy research, TOPSIS has been used, among other things, to evaluate energy and environmental policy [72] , optimal sites for thermal power plants [73] , electric vehicle charging stations [74, 75] , and for rating renewable energy sources [76] .
In order to depict the objectives of different actors within the electricity system, we initially attached preferences for each actor in relation to each parameter. Table 3 shows the evaluation matrix, with a ranking of each actor group's interest in the respective MCDA criteria (the values provided in Table 3 are indicative and serve the purpose of illustration. Several studies provide a discussion on deriving such evaluations through applying other tools (e.g., the analytic hierarchy process) for certain stakeholder groups or panels (see e.g., [77] [78] [79] )). The value 3 indicates highest interest of the stakeholder group in the specific criteria, whereas 1 indicates lowest interest. From these preferences, five different weighting factors for each parameter and for each actor within the MCDA were derived: (i) 'Equal weights', (ii) 'Political decision makers' objective', (iii) Producers' objective, (iv) Consumers' objective, and (v) Average actors' weights. 'Equal weights' will assign a weighting factor of:
with w i : the weighting factor for indicator i, and m: the number of indicators to every criterion. Due to the uncertainty of the assigned interests of the respective stakeholders, this weighting provides a benchmark to the other weighting factors. The weighting approaches 'Political decision makers' objective', 'Producers' objective', and 'Consumers' objective' reflect the individual ranking of each stakeholder group. The weighting factors are calculated by dividing the criteria evaluation i of each actor a, as depicted, by the sum of actor-specific criteria evaluations:
For 'average actors' weights', we sum up the stakeholder-specific weightings and divide the sum by the number of actors:
where k: the number of actors.
Results and Discussion
Computation of the Indicators
In 2030, the modeling results show that the volume of production and the relative share of different generation sources vary according to the scenario pursued and its respective variants regarding the NTC development and exchange rates (see Figure 2 ) (the dimensions "Full NTC" and "Reduced NTC" refer to an NTC expansion as planned, or a reduced NTC development, respectively. "Default" describes a default exchange rate, and "Devaluated" describes a devaluated currency. These abbreviations will be used throughout the text). 
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Green is only moderately affected by a devaluation of the Pound. Due to the high share of variable renewable energies in the system, imports are primarily used in periods of low wind and solar availability.
Although imports in the Green scenario represent only a fraction of the imports in the Yellow and Blue scenarios, modeling results indicate that electricity transfers represent a more critical role for the Green scenario; imports are characterized by an acute need for power transfers at certain hours in the year in which variable RES are unavailable. Whilst in the Yellow and Blue scenarios, a lower expansion of future NTCs in Great Britain by 50% is possible, for the Green scenario, the maximum feasible reduction is 35%. This indicates that in the Green scenario, in order to provide a sufficient security of supply, the GB electricity system relies on either a strong interconnection with neighboring electricity markets, or a significant deployment of further flexibility options (e.g., gas power plants, electricity storages, demand side management, etc.).
An examination of CO2 intensity of electricity generation, displayed in Table 4 , reveals that the significant reduction in emissions in the Blue scenario, compared to the Yellow scenario, derives partly from the general decrease of domestic electricity production. The reduced expansion of NTCs means resorting to a greater use of older power plants, leading to a rapid increase in CO2 emissions. Likewise, under the devalued currency, domestic generation, including that from less efficient older plants, increases, leading to greater emissions. Due to the CPF, this effect is stronger in the Blue scenario than in Yellow. In absolute terms, greenhouse gas emissions in the Green scenario are quite stable and show no strong interrelation with changes in NTC or exchange rate volatility. In general, for the Blue scenario, a devaluation of the Pound does not significantly affect the overall electricity imports to GB. This is mainly attributable to the CPF, which increases the relative price at which GB (fossil) generators are able to supply electricity. Hence, the further increase in variable costs for fuel acquisition only marginally influences the cost structure. The Yellow scenario shows the strongest sensitivity to a devaluation of the Pound.
An examination of CO 2 intensity of electricity generation, displayed in Table 4 , reveals that the significant reduction in emissions in the Blue scenario, compared to the Yellow scenario, derives partly from the general decrease of domestic electricity production. The reduced expansion of NTCs means resorting to a greater use of older power plants, leading to a rapid increase in CO 2 emissions. Likewise, under the devalued currency, domestic generation, including that from less efficient older plants, increases, leading to greater emissions. Due to the CPF, this effect is stronger in the Blue scenario than in Yellow. In absolute terms, greenhouse gas emissions in the Green scenario are quite stable and show no strong interrelation with changes in NTC or exchange rate volatility. Table 5 presents the average wholesale prices. Despite the high price of CO 2 certificates, the Green scenario shows the lowest market prices, which is predominantly due to the high share of renewables. Due to the low volume of overall imports, the sensitivity toward changes in the NTC development is marginal. In fact, wholesale prices show a small decrease as a result of reduced NTC growth. Especially in the Blue scenario, a decreased expansion of NTC leads to significant price increases. Due to the additional financial stress for British generators, which is caused by the higher carbon price level, imports represent a considerable share of the electricity supply. This is due to the loss of competitiveness of British fossil fuel generators. Consequently, a decrease in NTC growth necessitates a stronger integration of older, less efficient gas power plants. The high price for CO 2 emissions has a greater effect on those power plants, leading to the higher increase in the average wholesale price. For all the scenarios, the effect of the depreciation of the British Pound on wholesale prices is rather strong, which can be traced back to two main drivers. Overall expenses for fuel purchase for power plants will rise, increasing the marginal costs of fossil and nuclear power plants. Furthermore, imports from neighboring states become relatively more expensive. Due to the relatively costly imports, the utilization rate of older and less efficient gas-fired power plants rises, resulting in higher wholesale prices. As shown in Figure 4 , the Blue and Yellow scenarios show decreasing consumer surpluses under the reduced development of NTCs. The high share of RES in the Green scenario exerts downward pressure on the wholesale prices, and as a result leads to a slight increase in consumer surplus. Whilst rents show no significant sensitivity toward a reduced NTC development in the Green scenario, the Blue scenario is strongly affected by a reduced NTC growth. Due to the interrelation of a drop in the exchange rate and wholesale prices as described above, a depreciation of the Pound leads to a significant decrease in consumer surplus for all the scenarios.
under the reduced development of NTCs. The high share of RES in the Green scenario exerts downward pressure on the wholesale prices, and as a result leads to a slight increase in consumer surplus. Whilst rents show no significant sensitivity toward a reduced NTC development in the Green scenario, the Blue scenario is strongly affected by a reduced NTC growth. Due to the interrelation of a drop in the exchange rate and wholesale prices as described above, a depreciation of the Pound leads to a significant decrease in consumer surplus for all the scenarios. Assuming preferences as presented in Table 3 , consumers will prefer electricity systems with a low environmental impact. The most notable emissions resulting from electricity generation include: sulfur dioxide (SO2), ammonia (NH3), and nitrogen oxides (NOX). Compound indicators also highlight environmental or climatic damage, such as global warming potential (GWP), eutrophication (EP), and acidification potential (AP). Figure 5 shows the emissions of electricity generation in the UK in comparison to the Yellow scenario, with no reduction of net transfer capacities (indexed Yellow = 100%). Assuming preferences as presented in Table 3 , consumers will prefer electricity systems with a low environmental impact. The most notable emissions resulting from electricity generation include: sulfur dioxide (SO 2 ), ammonia (NH 3 ), and nitrogen oxides (NO X ). Compound indicators also highlight environmental or climatic damage, such as global warming potential (GWP), eutrophication (EP), and acidification potential (AP). Figure 5 shows the emissions of electricity generation in the UK in comparison to the Yellow scenario, with no reduction of net transfer capacities (indexed Yellow = 100%). In the case of no reduction in the NTC development, the Blue scenario shows the strongest reduction in emissions. However, this has to be considered in the light of the overall electricity generation structure in the Blue scenario, with a significant amount of the reduced environmental impact stemming from the overall reduction in electricity generation (see Section 4.1). This can be observed in the sharp increase between Blue_100_0 and Blue_50_0. Since the electricity generation structure for the Green scenario is relatively rigid (variable RES and nuclear power plants are at the lower end of the merit order, and operate nearly on their maximum utilization rate), emissions hardly change in the case of reduced NTC growth. While the Green scenario shows a significant drop in GWP, other emissions do not drop drastically. In order to adjust the emission data to the framework of this study, the emissions presented in Figure 5 will be condensed to a single indicator 'environmental impact' by applying TOPSIS with equal weights for the depicted impacts. This will allow for the subsequent evaluation of the scenario ranking in Section 4.2.
The average price spread gives an estimation of the difference between GB's and the connected electricity markets' wholesale prices, and indirectly, of the producers' opportunities to sell electricity to foreign markets. As discussed in Section 2.1, a higher level of interconnectivity should in general lead to a smaller divergence in prices. Indeed, observing the interaction between the average price spread of GB and the connected markets of Norway, Denmark, France, Belgium, the Netherlands, and Northern Ireland, this assumption holds for the Yellow and Blue scenarios (see Table 6 ). In the case of no reduction in the NTC development, the Blue scenario shows the strongest reduction in emissions. However, this has to be considered in the light of the overall electricity generation structure in the Blue scenario, with a significant amount of the reduced environmental impact stemming from the overall reduction in electricity generation (see Section 4.1). This can be observed in the sharp increase between Blue_100_0 and Blue_50_0. Since the electricity generation structure for the Green scenario is relatively rigid (variable RES and nuclear power plants are at the lower end of the merit order, and operate nearly on their maximum utilization rate), emissions hardly change in the case of reduced NTC growth. While the Green scenario shows a significant drop in GWP, other emissions do not drop drastically. In order to adjust the emission data to the framework of this study, the emissions presented in Figure 5 will be condensed to a single indicator 'environmental impact' by applying TOPSIS with equal weights for the depicted impacts. This will allow for the subsequent evaluation of the scenario ranking in Section 4.2.
The average price spread gives an estimation of the difference between GB's and the connected electricity markets' wholesale prices, and indirectly, of the producers' opportunities to sell electricity to foreign markets. As discussed in Section 2.1, a higher level of interconnectivity should in general lead to a smaller divergence in prices. Indeed, observing the interaction between the average price spread of GB and the connected markets of Norway, Denmark, France, Belgium, the Netherlands, and Northern Ireland, this assumption holds for the Yellow and Blue scenarios (see Table 6 ). Prima facie, examining the changes of the price spread in the Green scenarios shows a counter-intuitive structure: a reduced expansion of NTC reduces the price spread between GB and the connected neighboring electricity markets. There are two effects that lead to this development. As discussed in the analysis of wholesale prices, Green_65_0 actually shows a decrease in wholesale prices in comparison to Green_100_0. Simultaneously, other markets in Europe show an increase in wholesale prices in case of a lower NTC development. The model results suggest that this stems from GB's function as the 'intermediary' between Norway and the markets in France, Belgium, and the Netherlands. As a result, the price spread between GB and the connected markets in continental Europe decrease in the Green scenario, in the case of a reduction in the growth of NTC.
Despite the higher import ratio of the Blue scenarios, producers' surpluses are significantly higher than in the Yellow scenarios (see Figure 6 ), and even more so at a devalued exchange rate (as depicted by the black bars). In the Blue scenario, higher wholesale prices allow for increasing profit opportunities for low carbon generation technologies in particular. As a result, low carbon options, such as nuclear power plants, or wind farms show a significant increase in producer surpluses. On the other hand, the Green scenario reveals the highest level of producer surpluses. It should be noted that the Green scenario shows the highest level of consumer surpluses. Again, especially low-carbon generation technologies account for the major share of overall surpluses, while fossil fuel power plants do not create meaningful surpluses. Figure 7 shows the average LCOE of the British electricity system, with the black bars indicating increases due to an additional devaluation of the exchange rate. The Yellow scenario shows the lowest LCOE for the scenarios under consideration and a moderate sensitivity toward changes in the NTCs. In the case of no reduction of the NTCs, the implementation of a high CO2 price in the Blue scenario leads to an increase of 9.6% in the average LCOE in comparison to the Yellow scenario. However, the LCOE in the Blue scenario drastically increases in the case of a reduced development of transfer capacities. As discussed in the previous section, the CPF shifts electricity production to neighboring countries. Whilst the increase of LCOE in the Blue scenario is In the Blue scenario, higher wholesale prices allow for increasing profit opportunities for low carbon generation technologies in particular. As a result, low carbon options, such as nuclear power plants, or wind farms show a significant increase in producer surpluses. On the other hand, the Green scenario reveals the highest level of producer surpluses. It should be noted that the Green scenario shows the highest level of consumer surpluses. Again, especially low-carbon generation technologies account for the major share of overall surpluses, while fossil fuel power plants do not create meaningful surpluses. Figure 7 shows the average LCOE of the British electricity system, with the black bars indicating increases due to an additional devaluation of the exchange rate. The Yellow scenario shows the lowest LCOE for the scenarios under consideration and a moderate sensitivity toward changes in the NTCs.
In the case of no reduction of the NTCs, the implementation of a high CO 2 price in the Blue scenario leads to an increase of 9.6% in the average LCOE in comparison to the Yellow scenario. However, the LCOE in the Blue scenario drastically increases in the case of a reduced development of transfer capacities. As discussed in the previous section, the CPF shifts electricity production to neighboring countries. Whilst the increase of LCOE in the Blue scenario is almost exclusively driven by higher variable costs for CO 2 emissions, for the Green scenario, several drivers can be determined. First of all, the increase in LCOE stems partly from the higher overnight costs for RES. However, the higher LCOE in the Green scenario in comparison to the Yellow scenario cannot be explained by higher investment costs for RES capacities alone. There are two other drivers that show increasing effects. As in the Blue scenario, a high price for CO 2 certificates drives up variable generation costs. However, since the overall electricity system in the Green scenario is less CO 2 intensive, this effect is not as strong as in the Blue scenario. The merit order effect reduces the full load hours of gas-fired power plants. As a result, the digression of fixed costs (overnight investment and operation and maintenance (O&M) costs) for generation units drops, which increases the average LCOE. Within all the scenarios under consideration, a depreciation of the British Pound does not significantly impact the LCOE. Although domestic electricity production is stimulated by the depreciation of the British Pound and the average utilization rate of gas-fired power plants increases, the higher digression of fixed costs, driven by more full load hours, does not offset the higher costs for fuel supply and imported power plant components.
MCDA
This section will combine the results presented in the previous chapter and jointly evaluate them using the MCDA tool described in Section 3.1, with the indicators and their results listed in Table 7 . Table 7 . Compilation of multi-criteria decision analysis (MCDA) parameters. Source: own compilation. Within all the scenarios under consideration, a depreciation of the British Pound does not significantly impact the LCOE. Although domestic electricity production is stimulated by the depreciation of the British Pound and the average utilization rate of gas-fired power plants increases, the higher digression of fixed costs, driven by more full load hours, does not offset the higher costs for fuel supply and imported power plant components.
Expansion of NTC as Planned Reduced Increases in NTC Expansion
MCDA
This section will combine the results presented in the previous chapter and jointly evaluate them using the MCDA tool described in Section 3.1, with the indicators and their results listed in Table 7 .
The weighting factors expressed by Equations (11)-(13) that were used for the MCDA analysis are shown in Table 8 . Applying those factors, the TOPSIS method arrives at the rankings presented in Table 8 . Table 7 . Compilation of multi-criteria decision analysis (MCDA) parameters. Source: own compilation. Table 9 shows the results of the TOPSIS analysis, with the colors corresponding to the scenarios as explained in the Color Key. They show a clear pattern with regard to the ranking of the three main scenarios. While the Green scenarios prevail for all the weighting approaches, the Blue scenarios rank last. However, the layout of this paper does not allow for a comprehensive comparison of the three scenario groups-Yellow, Blue and Green. In particular, the fact that the Green sub-scenarios only allow a 35% reduction in NTC expansion makes a ranking between the other scenarios with a reduction in expanded capacity of 50% less meaningful (however, even with a reduction of 35% of NTC expansion in all the scenarios, the pattern presented in Table 9 does not change significantly. Appendix B presents further information). Therefore, the conclusions provided in this section will focus more strongly on the patterns within the respective scenario groups.
Expansion of NTC as Planned Reduced Increases in NTC Expansion
The results reveal that the impact of a reduction in interconnectivity is nuanced in that it (i) depends on the transition scenario that the UK pursues, and (ii) is different for each stakeholder.
A reduced interconnectivity of the GB electricity market does not necessarily negatively impact the observed stakeholder groups; in the Green scenario, there can be advantages from reduced interconnection, with a positive effect on the overall evaluation (i.e., 'Equal' and 'Average actors' weight'). In case of a development of the electricity market in accordance with the Green scenario, producers do not necessarily prefer a full development of future NTC projects, but possible advantages from a devaluation of the Pound, do not offset their negative impacts, as both Green variants featuring devaluation rank last within their respective groups. In contrast, from the perspective of consumers, a full development of NTC and no devaluation constitutes the best option in all three scenario groups. Between the variants of the Green scenario with no devaluation and those with a devalued Pound, there is a considerable drop in the scenario valuation. This can be mostly explained by the reduction in consumers' surpluses that occur due to a devaluation of the Pound. Thus, from a consumer perspective, a devaluation of the Pound leads to a more severe decrease in the overall valuation than a reduction in the NTC development. However, under the Green scenario, reduced growth in NTC capacity leads to risks to the stability of the system, since although imports are lower overall, there are times of the year in which imports are more acutely important to meeting demand. This is why the power system is no longer viable in the Green scenarios when NTCs fall below 65% of their potential level. In the Green scenario, opportunities for lower overall reliance on imports (although there are points of time at which imports have greater importance than in the other scenarios) and opportunities for exports must be contrasted with this greater risk to the stability of the system resulting from reduced growth in NTCs. In the case of the Yellow scenario, Table 9 reveals that all the weightings with the exception of 'Actors' Perspective: Producers' and 'Actors' Perspective: Political Decision Makers' evaluate an environment with full NTC development and no devaluation of the Pound as the most favorable option. The producer-oriented weighting shows that from a generator's viewpoint, a development with reduced NTC expansion and devaluation would be preferred. A similar picture emerges when assessing the Blue scenario. However, in contrast to the Yellow scenario, the lower expansion in NTC has a stronger effect on the evaluation of the Blue scenario. As a result, the Blue scenarios with reduced NTC development rank last among those scenario variants, with the exception of the producers' viewpoint. The risks in the Blue and Yellow scenarios relate to loss of export opportunities for the producers, loss of electricity market competitiveness for the consumers, and loss of energy independence opportunities, from the point of view of political decision makers. Reflecting on the rationale behind interconnectors, Section 2.1 discussed their role in enhancing the competitiveness of electricity markets and in improving the stability within connected markets. It would appear that in the Green scenario, this role of ensuring stability is much more important, whereas for the Yellow and Blue scenarios, the contribution of interconnectors is chiefly to ensure price convergence between less competitive electricity markets (the GB market) and more competitive markets (EU markets).
Conclusions
By introducing the consideration of stakeholders' viewpoints to the assessment of quantified power system scenarios with an MCDA tool, this paper provides a differentiated analysis of the effects of Brexit on the GB power system. The applied methodology facilitates a versatile scenario analysis that takes into consideration the diversity of interests of the affected groups. The analysis presented shows that Brexit is not inherently negative for the GB electricity market. At the same time, the results show that the effectiveness of future policy measures aiming at the attenuation of possible negative impacts strongly depend on the design of the power system. In the Green scenario, implications of Brexit could bring about positive developments for the GB power system, but the results indicate that the market is in need of additional flexibility options in case of a reduced NTC development. If the electricity system moves more strongly toward an energy landscape resembling the Yellow scenario, focus on currency stability could be more important than a strong drive toward further interconnection. On the other hand, the MCDA outputs show that conflicts of interest between the considered stakeholder groups may arise. This becomes especially apparent for producers' and consumers' interests in the Yellow scenario, where the ranking of the scenario variants diverges substantially.
In the Blue scenario, given that the higher carbon price (e.g., due to the CPF) leads to a considerable increase in costs, a tradeoff between environmental protection and consumer welfare emerges. In the longer term, in the Blue and Yellow scenarios, the UK may have to decide if it should build greater domestic power capacities to compensate for a reduced ability to import more competitively priced power. The impact of Brexit on the sustainability of the GB and EU power systems remains unclear. There is debate in Section 2.1 on the influence of interconnection on overall CO 2 emissions and, principally, the carbon leakage effect. In the Blue scenario, the domestic environmental impact of GB's power system is reduced the most, but this is due to the fall in domestic generation, so the emissions are likely to be produced elsewhere.
This work focuses on the implications of Brexit on the electricity market with consideration of different stakeholders' viewpoints. However, it excludes the extensive interactions of the economy-wide effects of Brexit with the power system. While econometric assessments already addressed issues concerning Brexit (see e.g., Raddant [81] ), to the authors' knowledge, there exists no contributions that carry out a coupled approach of econometric modeling frameworks with a power system model. As a starting point for new research activities, this link could provide new valuable insights into the topic.
Further research avenues may include analyzing the implications of different forms of Brexit on the power system-i.e., comparing the impacts on the power system of a Brexit in which the UK retains a closer relationship with the EU compared to a Brexit in which the UK's relationship with the EU is more distant. The nature of possible advantages for the power system, which Brexit may entail, as referred to in Section 2.2, contrasted with potential wider challenges, such as the effects of changes in access to EU energy research and EU finance, also warrant further investigation. Pollitt [5] and Dutton and Lockwood [40] argued that Brexit might deliver attractive opportunities, which is to some degree congruent with the analysis presented in this work. Nevertheless, a higher level of autonomy in designing environmental and energy policy does not necessarily mean that British policies can be regarded as fully independent from European energy policy. This is exemplified by the Blue scenario: a CPF that strongly diverges from ETS prices may lead to asymmetric market conditions by preventing a level playing field for generators.
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Appendix A. TOPSIS Method
The approach follows the procedure presented by [69] . TOPSIS evaluates the MCDA alternative with regard to their distance to a positive-ideal and negative-ideal alternative. In order to do so, each performance indicator d i,j of all n criteria C j with j = 1, . . . , n has to be transformed into a decision matrix M for each k alternative S i , where i = 1, . . . , k.
Due to the heterogeneity of the computed MCDA criteria, the matrix is normalized with:
or
The normalized criteria are weighted with the factors described with Equations (10)- (12) . This results in the normalized and weighted Matrix M: Table A1 shows the compilation of MCDA criteria after normalization. Each scenario is evaluated with regard to a distance dimension A:
where D describes the Euclidian distance toward both alternatives, with:
. . , k and ∀ j = 1, . . . , n (A6) Table A2 presents the positive-ideal and negative ideal alternatives toward which the Euclidian distance of the scenarios under consideration is calculated. The Euclidian distance of the scenarios under consideration of the positive-ideal and negative-ideal solutions are presented in Figure A1 : The Euclidian distance of the scenarios under consideration of the positive-ideal and negative-ideal solutions are presented in Figure A1 : 
Appendix B. Robustness of Results toward the NTC Development Assumptions
In order to provide insights on the robustness of the presented data and results, calculations were applied, with harmonized reductions of the future NTC expansions across all the scenarios and their variants. Table A3 shows the TOPSIS results for an extension of interconnectors reduced by 35%, with the colors corresponding to the scenarios as explained in the Color Key. 
In order to provide insights on the robustness of the presented data and results, calculations were applied, with harmonized reductions of the future NTC expansions across all the scenarios and their variants. Table A3 shows the TOPSIS results for an extension of interconnectors reduced by 35%, with the colors corresponding to the scenarios as explained in the Color Key.
With respect to the sequence of Yellow, Blue, and Green, no change can be observed compared to a mixed reduction of the NTC expansion (Yellow and Blue scenarios by 50% and Green scenario by 35%), as presented in Table 9 . In addition, the ranking of the respective variants across the different weighting factors do not show significant differences. The only exception is 'Actors' three scenarios shows a divergent pattern. However, this does not contradict the general conclusions presented in Sections 4 and 5. 
Appendix C. Robustness of Results in Comparison to the PROMETHEE Method
An alternative MCDA technique-the PROMETHEE method-is used to gain an impression of the sensitivity of the results from the TOPSIS method to the use of other decision analysis techniques. The PROMETHEE method (Preference Ranking Organization Method for Enrichment Evaluation) is based on outranking flows associated with a particular alternative (in this case, the different scenarios for the GB power system in 2030). The PROMETHEE method is a set of procedures that was developed in the 1980s by Brans, et al. [82] and Behzadia, et al. The authors of [83] conduct a review of different methodologies and applications of the PROMETHEE method.
Outranking flows are calculated from preference functions that evaluate the pairwise difference between the performance scores of scenarios on each criterion. These performance scores are then multiplied by the respective actor-specific weighting for each criterion. The following equation, which was adapted from Mareschal [84] , gives the outranking relation:
The outranking relation π (S a , S b ) assesses, for all the criteria (K), the extent to which scenario a (S a ) is outranked by scenario b (S b ), and corresponds to the sum of all the preference functions (P k ) (pairwise differences between scenarios in performance scores on the respective criteria) multiplied by the actor-specific weightings for those criteria (W k ).
Following the computation of the outranking relations, it is then possible to build the positive outranking flow and the negative outranking flow for each scenario. The positive outranking flow for scenario a, (ϕ + (a)) consists of the instances in which scenario a performed better than another scenario overall (once all the criteria were considered), and the sum of the magnitude of those superior performances. Conversely, the negative outranking flow for scenario a, (ϕ − (a)) consists of instances in which scenario a performed worse than another scenario overall (once all the criteria were considered) and the sum of the magnitude of those inferior performances. The positive and negative outranking flows, as reproduced from Brans and Mareschal [85] , are depicted below:
Positive outranking flow (scenario a outperforming other scenarios):
ϕ + (a) = 1 n − 1 π(a, x) (A9)
Negative outranking flow (scenario a outperformed by other scenarios):
ϕ − (a) = 1 n − 1 π(x, a) (A10)
The net preference flow is computed from the positive outranking flow minus the negative outranking flow ((ϕ + (a) − ϕ − (a)) [86] ; the higher the net preference flow, the better the scenario, from the perspective of any particular actor.
This process was followed for the three weighting factors representing the stakeholders' perspectives, namely: (i) political decision makers, (ii) producers, and (iii) consumers, and the results are depicted in Table A4 below: In Figure A2 , the scenario rankings for the different actors, resulting from the PROMETHEE process, are depicted. 
